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Abstract: We studied the effect of loose tenon dimensions on stress and 
strain distributions in T-shaped mortise and loose tenon (M&LT) furni¬ 
ture joints under uniaxial bending loads, and determined the effects of 
loose tenon length (30, 45, 60, and 90 mm) and loose tenon thickness (6 
and 8 mm) on bending moment capacity of M&LT joints constructed 
with polyvinyl acetate (PVAc) adhesive. Stress and strain distributions in 
joint elements were then estimated for each joint using ANSYS finite 
element (FE) software. The bending moment capacity of joints increased 
significantly with thickness and length of the tenon. Based on the FE 
analysis results, under uniaxial bending, the highest shear stress values 
were obtained in the middle parts of the tenon, while the highest shear 
elastic strain values were estimated in glue lines between the tenon sur¬ 
faces and walls of the mortise. Shear stress and shear elastic strain values 
in joint elements generally increased with tenon dimensions and corre¬ 
sponding bending moment capacities. There was consistency between 
predicted maximum shear stress values and failure modes of the joints. 

Keywords: bending moment capacity, failure mode, finite element, 
furniture, mortise and loose tenon joint; stress and strain distributions 

Introduction 

Finite element analysis (FEA) is among the most effective nu¬ 
merical and computer-based techniques used for analyzing and 
solving a variety of complex problems of engineering, including 
physical phenomena in the field of structural, solid, and fluid 
mechanics (Mackerle 2005; £olakoglu an( j Apay 2012). Various 
studies used the finite element (FE) technique on wooden struc- 
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tures as well as furniture using FE modeling (Smardzewski and 
Prekrat 2002; Smardzewski and Papuga 2004; Smardzewski and 
Ozarska 2005; Kasai 2006; Kog et al. 2011; Demirci 2011; 
Colakoglu and Apay 2012; Mohamadzadeh et al. 2012; Smar¬ 
dzewski 2012). Smardzewski and Papuga (2004) studied the 
stress distribution in mortise and tenon and double-dowel joints 
of skeleton furniture using the FE method. They demonstrated 
that the values of normal stresses directly affect the strength of 
construction nodes of skeleton furniture. £olakoglu and Apay 
(2012) investigated the strength of a wooden chair constructed of 
three different wood species in free drop by ANSYS FE software. 
They concluded that, in order to develop the design of furniture 
and its packaging, the drop of furniture can be simulated by us¬ 
ing FE software, such as ANSYS, for performance testing of 
packaged or unpackaged furniture. Mohamadzadeh et al. (2012) 
indicated that FE models yield beneficial information, including 
the location of damage initiation in composite joints. The stress 
on critical components that caused the failure can be tabulated 
and recognized using corresponding failure criteria and this is 
not possible in experimental studies. 

Our aim was to determine the effect of loose tenon dimensions 
on stress and strain distributions in T-type mortise and 
loose-tenon (M&LT) furniture joints. In the first step, we exper¬ 
imentally determined the effects of tenon length and tenon 
thickness on bending moment capacity of M&LT joints. Then, 
we used ANSYS FE software to estimate the stress and strain 
distributions in the joint elements with varying thicknesses and 
lengths of tenons. We compared both results from experiment 
tests and FE models 

Materials and methods 

M&LT joint specimens 

Eastern beech (Fagus orientalis L.), with 12% moisture content, 
was utilized in constructing T-type M&LT joint specimens used 
in the study (Fig. 1).Tenon were 6- and 8-mm, while tenon 
lengths were 30, 45, 60, and 90 mm. Tenon width was constant 
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at 50 mm for all joint specimens. Clearance of 0.05 mm was 
allowed between tenons and mortise walls, while the clearance 
between the bottom of the mortise and the end of the tenon was a 
nominal 0.125 mm (Derikvand et al. 2013). Totally, 40 M&LT 
joint specimens [2 (tenon thicknesses) x 4 (tenon lengths) x 5 
(replicates)] were constructed using polyvinyl acetate (PVAc) 
adhesive (60%). Prior to performing the tests, the joint specimens 
were conditioned at 20°C±2°C and relative humidity of 65%±3% 
for three weeks (Derikvand et al. 2013; Maleki et al. 2012). 


FE models 

After performing the laboratory tests, 3-dimensional models of 
T-type M&LT joints with different tenon dimensions were con¬ 
structed in the DesignModeler environment of ANSYS Work¬ 
bench v.14 finite element software. The following actions were: 

(1) The properties of joint members and PVAc glue were de¬ 
fined as orthotropic and isotropic materials, respectively (Table 

i). 
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Fig. 1: Geometry and dimensions (mm) of T-type M&LT joint specimens 
Testing 

Tests were performed on an Instron (4486) testing machine with 
a loading velocity of 5 mm-min' 1 (Fig. 2). Bending moment 
capacities of the joints were estimated by Equ. 1: 


Table 1: Technical properties of oriental beech (Fagus orientals L.) and 
PVAc adhesive used in the FEA. 



Modulus of 

elasticity (MPa) 

Poisson ratio 

Modulus of 

Shear (MPa) 


1 r t 

lr It rt 

lr It rt 

Oriental beech 3 

14,010 2,280 1,160 

0.448 0.073 0.708 

1,640 1,080 470 

PVAc adhesive 13 

400 

0.300 

148 


1, r and t are the longitudinal, radial and tangential directions of wood, 
a: Oriental beech with the density of 680 kg-nr 3 (Gawronski 2006); b: Smar- 
dzewski and Papuga (2004). 

(2) Twenty-node hexahedral elements were applied to the FE 
models (Fig. 3). The horizontal and vertical members of joints 
were meshed with 3 mm hexahedral elements. To increase the 
reliability of analysis, 1 mm hexahedral elements were applied to 
the tenon and glue line. 

(3) Based on the experimental results of ultimate bending 
moment capacities of joints, maximum force values required for 
loading of each joint were calculated by Equ. 2: 


M = FxL (l) 

where, M is bending moment capacity (N-m), F is the maximum 
applied load (N), and L is the moment arm, 0.35 m. 



Fig. 2 : Method of loading used to evaluate bending moment capacity of 
joint specimens 



where F is the required load value (N); M is calculated bending 
moment capacity (N-m); and L is the moment arm (0.35 m). 

After defining the loading type characteristics, loading direc¬ 
tion, and other boundary conditions, we recorded outputs of FE 
models, including maximum shear stress and shear elastic strain 
values in joint members. 

Y-axis 



Fig. 3 : Standard 20-node hexahedral element 
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Data evaluation 

Analysis of variance (ANOVA) was applied to quantify differ¬ 
ences between mean values for variables. 


Results 

Modulus of failures of joint specimens 

For the joints with 30 mm length tenons, most failures occurred 
in the glue line of joints. However, along with increase in tenon 
length from 30 to 90 mm, for both 6 and 8 mm tenon thicknesses, 
failures occurred mostly in tenons (Fig. 4). 



Saw stain 


Fig. 4 : Tenon fracture in a test joint with tenon thickness of 6 mm and 
tenon length of 90 mm 

Bending moment capacity of tested joints 

Average bending moment capacities of joints under uniaxial 
bending load are shown in Fig. 5. 

Bending moment capacities of the tested joints varied signifi¬ 
cantly between groups in terms of thickness and length of tenons 
(Table 2). However, the interaction effect between thickness and 
length of the tenon was not statistically significant {p >0.05). 



Fig. 5: Average bending moment capacity of joint specimens 


Table 2: Results of ANOVA related to bending moment capacity of 
M&LT joints 


Variance source (symbol) Sum of squares SD Mean squares F -value />value 

Loose tenon thickness (A) 

100,431.464 

1 

100431.464 

90.033 *** 

Loose tenon length (B) 

306,822.221 

3 

102274.074 

91.685 *** 

Ax B 

8,206.736 

3 

2735.579 

2.452 NS 


SD: standard deviation; R 2 = 0.921; NS: Not significant; ***: highly significant 
with probability less than 0.001 


The highest bending moment capacity (518.93 Nm) was rec¬ 
orded for joints with tenon length of 90 mm and tenon thickness 
of 8 mm, while the lowest bending moment capacity (181.62 
Nm) was obtained in joints that had tenons of 30 mm length and 
6 mm thickness. Bending moment capacity of joints with tenon 
thickness of 6 mm increased by approximately 106% with in¬ 
crease in tenon length from 30 to 90 mm. In addition, for joints 
with 8 mm thick tenons, bending moment capacity increased by 
107% with increase in tenon length from 30 to 90 mm. The in¬ 
crease of tenon thickness from 6 to 8 mm yielded increased 
bending moment capacity by 36.6%. 

Stress and strain distributions in joint elements 

Based on the results obtained from FEA, under uniaxial bending 
load, the horizontal member of the joint moved along the nega¬ 
tive direction of the Y-axis (loading direction). Affected by this 
displacement, the horizontal member separated from the vertical 
member at the top comer of the joint (Fig. 6). Accordingly, an 
increasing bending moment occurred at the joint under loading. 
In this situation, under different bending loads, maximum stress 
values occurred in the middle parts of the tenon (Fig. 7). For the 
joints with tenon thickness of 6 mm and tenon lengths of 30, 50, 
60, and 90 mm, shear stress values in middle parts of the tenon 
were 27.09, 44.49, 72.52, and 87.98 MPa, respectively (Fig. 8). 
With increase in tenon thickness from 6 to 8 mm, along with 
increase of bending moment capacity of joints, shear stress val¬ 
ues in the tenon increased for all joint combinations (Fig. 8). The 
highest shear stress value (110 MPa) was obtained in the middle 
parts of joints with tenon thickness of 8 mm and tenon length of 
90 mm. Average value of shear stress in joints with 8 mm tenon 
thickness (70.97 MPa) was approximately 22% higher than for 
joints with 6 mm tenon thickness (58.02 MPa). Maximum shear 
elastic strain values in middle parts of the tenon in the joints with 
6 mm tenon thickness and tenon lengths of 30, 50, 60, and 90 
mm were 0.007, 0.011, 0.016, and 0.018, respectively. For joints 
with 8 mm tenon thickness and 30, 50, 60, and 90 mm tenon 
length, maximum shear elastic strain values in middle parts of 
the tenon were 0.009, 0.012, 0.018, and 0.022, respectively. 


A: Static Structural 

Total Deformation 
Type: Total Deformation 
Unit m 
Time: 1 

9/23/2012 5:41 PM 


0.0044/63 Max 

0.0040207 

0.0035811 

0.0031334 

0.0026858 

0.0022382 

0.0017905 

0.0013429 

0.00089527 

0.00044763 


OMin 



0.075 0.225 


Fig. 6 : Total deformation of M&LT joint with tenon thickness of 8mm 
and tenon length of 90 mm under loading 

Highest shear elastic strain values were recorded in the glue 
line between the tenon and walls of the mortise (Fig. 9). Shear 
elastic strain values in the glue line increased with increasing 
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thickness and length of tenons (Fig. 10). The maximum shear 
elastic strain values in the glue line of joints with 6 mm tenon 
thickness and tenon lengths of 30 and 50 mm were higher than 
those of similar joints with 8 mm tenon thickness (Fig. 10). For 
joints with 8 mm tenon thickness and 60 and 90 mm length ten¬ 
ons, the maximum shear elastic strain values were greater than 
for joints with 6 mm tenon thickness and tenon lengths of 60 and 
90 mm. 


A: Static Structural 

Maximum Shear Strejj 
Type: Maximum Shear Stre» 
Unit Pa 
Time: 1 

9/23/2012 5:44 PM 


■ 


1.1014e8 Max 

9.9129*7 


8.8115«7 
7.7 le7 


6.6086e7 
5.5072*7 
4.4058e7 
3.3043e7 
2.2029*7 
L1015*7 
758.83 Min 



0.075 0.225 


Fig. 7 : Shear stress distribution in M&LT joint with tenon thickness of 
8mm and tenon length of 90 mm 



Fig. 8 : Maximum shear stress values in the middle parts of tenon 


ANSYS 

14.0 


A 


0.00 Km) 


A: Stalk Stimtual 

Manmum Sh*ar Flattir Strain 
Type: Maximum Shear Elastic Strain 
Unit m/m 
Time; l 

9/23/2012 5:45 PM 


Glue line 


T 


0.072225 Max 
0.065002 
0.05778 
0.050557 
0.043335 
0.036113 
0.02889 
0.021668 
0.014445 


1 






Fig. 9 : Shear elastic strain distribution in glue line of M&LT joint with 
tenon thickness of 8mm and tenon length of 90 mm 



Fig. 10: Maximum shear elastic strain values in the glue line of M&LT 
joint specimens 
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Discussion 

The bending moment capacity of joints increased significantly 
with increasing length and thickness of tenons. Increase in total 
glued area of the tenon and its increasing impact on joint strength 
was one reason for this result. Along with increase in tenon di¬ 
mensions and corresponding bending moment capacity, shear 
stress and shear elastic strain values in joint elements increased. 
Maximum shear stress values were recorded in the middle parts 
of tenons, while the highest shear elastic strain values were rec¬ 
orded in the glue line between the tenon surfaces and walls of the 
mortise. The results of FE models in this study are in agreement 
with results obtained by Smardzewski and Papuga (2004) for 
stress distributions in single mortise and tenon joints. However, 
some of the stress values predicted by FE models in this study 
exceed allowable values for shear strength of wood. These unu¬ 
sual values can be explained by failure modes of the joints. Dur¬ 
ing the laboratory tests, most fractures occurred in the tenon 
apart from the adhesive line. Accordingly, since the highest shear 
stress values were obtained in the middle parts of tenons, it can 
be said that those stress values of joints predicted by FE models 
that exceeded the allowable shear strength of the wood indicate 
failure areas of the joints. Similar results were obtained by Mo- 
hamadzadeh et al. (2012) for failure modes of screwed single 
shear joints in wood plastic composite, and Demirci (2011) for 
various frame-type furniture corner joints. 


Conclusions 

We studied the effects of loose tenon length and loose tenon 
thickness on bending moment capacity of M&LT joints and cor¬ 
responding stress-strain distribution in the joint elements, and 
experimentally investigated bending moment capacities of the 
joints, while using the FEA technique to determine the stress and 
strain distributions in the joint element. 

We conclude: 

(1) Dimensions of the loose tenon showed significant impacts 
on bending moment capacity of M&LT T-type joints. 

(2) Bending moment capacity of M&LT joints increased with 
increasing thickness and length of loose tenons. 

(3) Under uniaxial bending load, the highest stress values were 
in the middle parts of the loose tenon. 

(4) Maximum shear elastic strain values were in the glue line 
between the loose tenon and walls of the mortise. 

(5) Increase in tenon dimensions and corresponding bending 
moment capacity caused increase of shear stress and shear elastic 
strain values in M&LT joint elements. 

(6) There was consistency between values predicted by FE 
models for maximum shear stress and failure modes of joints in 
laboratory tests. 

(7) The FEA technique showed good potential for predicting 
the failure modes of furniture joints. 
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